. KSHV infection appears to be necessary but not sufficient for KS development without other cofactors. However, factors that facilitate KSHV to cause KS have not been well defined. Previously, we determined that human herpesvirus 6 was one of the cofactors that activated lytic cycle replication of KSHV. Here, we demonstrate that the Tat protein of HIV-1 is a potentially important factor in the pathogenesis of KS, as determined by production of lytic phase mRNA transcripts and viral proteins in BCBL-1 cells. Mechanistic studies showed ectopic expression of Tat induced the production of human interleukin-6 (huIL-6) and its receptor (huIL-6Ra) and activated STAT3 signaling. Neutralization of huIL-6 or huIL-6R or inhibition of STAT3 signaling enhanced the replication. In addition, IL-4/STAT6 signaling also partially contributed to Tat-induced KSHV replication. These findings suggest that Tat may participate in KS pathogenesis by inducing KSHV replication and increasing KSHV viral load. These data also suggest that JAK/STAT signaling may be of therapeutic value in AIDS-related KS patients.
A couple of agents, such as human herpesvirus 6, human immunodeficiency virus (HIV), and human cytomegalovirus, which are commonly found in immunocompromised individuals have been proposed and considered as cofactors activating KSHV (36, 61, 63) . Among them, HIV type 1 (HIV-1) is a potentially important cofactor. Although HIV-1 is clearly not necessary for the development of KS, AIDS-related KS (AIDS-KS) is well recognized as more aggressive, disseminated, and resistant to treatment than other forms of KS disease (8, 21, 58) . Previous studies have shown that KS tumor cells are not infected with HIV-1; therefore, it is widely accepted that HIV-1 does not play a directly oncogenic role in AIDS-related KS (17) . HIV-1 may function passively through the induction of immunosuppression or more directly in the pathogenesis of this disease. Current evidence strongly supports a role for HIV-1 in the initiation and progression of KS through mechanisms other than immunosuppression. For instance, studies indicated that KS developed almost exclusively in HIV-1-positive, but not HIV-2-positive, patients in Gambia, West Africa, despite essentially equivalent seroprevalence for KSHV and severity of immunosuppression in both groups of patients (5) . These findings suggest that other mechanisms, such as production of HIV-1-encoded proteins and induction of cytokine expression, may play a role in KS development. Notably, the Tat protein has long been of particular interest to investigators studying AIDS-KS pathogenesis (6, 19) . However, whether Tat can induce KSHV replication is still a highly controversial and arguable subject (24, 28, 42) .
Besides the Tat protein, cytokine production induced by HIV-1 may play a role in KS development. For instance, gamma interferon (IFN-␥), oncostatin M, and hepatocyte growth factor/scatter factor (HGF/SF) from HIV-1-infected T cells were found to be partially responsible for KSHV reactivation (43) . These cytokines activate Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathways and play important roles in cell growth and proliferation (7, 25, 32) . A relationship between the activation of STATs and transcription of viral genes has been shown. For instance, the herpesvirus Saimiri tyrosine kinase-interacting protein Tip-484 activates STAT3 through up-regulation of p56 lck , a nonreceptor tyrosine kinase (38) . Constitutively activated STATs are also found in human T-cell lymphotropic virus 1-transformed T cells, myeloid leukemia cells, and Epstein-Barr virus (EBV)-related lymphoma cell lines (14, 44) . Both ORF50 and latencyassociated nuclear antigen of KSHV are able to interact with STAT3, and inhibition of STAT3 signaling can induce apoptosis of KSHV-infected cells (4, 23, 47) . These observations collectively indicate that certain viruses modify STATs activities to increase the persistence, replication, or oncogenic potential of the viruses.
In an attempt to better understand the role of Tat in KSHV replication and AIDS-KS pathogenesis, we performed kinetic studies of KSHV replication induced by Tat. We showed that human interleukin-6 (huIL-6) and its receptor down-regulated Tat-induced KSHV replication and inhibition of JAK2/STAT3 signaling partially enhanced the replication. In addition, activation of IL-4/STAT6 signaling partially contributed to Tatinduced KSHV replication. Our data suggest that Tat may activate KSHV lytic cycle replication from latency in part by modulating JAK/STATs pathways. These novel findings are believed to be the first report on the mechanisms of KSHV activation by Tat and shed light on the understanding of AIDS-KS pathogenesis.
MATERIALS AND METHODS
Cells, plasmids, and transfection. The BCBL-1 and BC-3 cells, both of which are EBV-negative and KSHV-positive PEL cell lines, were obtained through the AIDS Research and Reference Reagent Program, National Institutes of Health. B95-8 cells, which are a KSHV-negative and EBV-positive marmoset B-cell line, and HEK293, NIH 3T3, and HSB2 (a type of T-cell line) cells were obtained from the American Type Culture Collection (Rockville, MD). BCBL-1, B95-8, and HSB2 cells were maintained in RPMI 1640 containing 10% heat-inactivated fetal bovine serum (FBS), 2 mmol/L L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in a humidified, 5% CO 2 atmosphere. BC-3 cells were grown in RPMI plus 20% FBS (9) . HEK293 and NIH 3T3 cells were maintained in Dulbecco's modified Eagle's medium plus 10% FBS. Before transfection, both BCBL-1 and BC-3 cells in this study were incubated in serum-free RPMI 1640 medium for a maximum inducibility of KSHV replication as described previously (40) . Briefly, cells were first synchronized at G 0 by incubating cells in serum-free RPMI 1640 medium for 24 h and then cultured in RPMI plus 10% FBS for an additional 16 h. After 16 h of culture, cells were then used for the following experiments.
The HIV-1 Tat 101 gene was synthesized by multiple rounds of overlapping PCR based on the genome sequence of HIV-1 (GenBank accession number M14310.1) as described previously (2, 50) . The Flag M2 epitope was fused in frame to the carboxyl-terminal end of the Tat 101 open reading frame, a Kozak sequence (GCCACC) was added to the upstream of initiator codon ATG to enhance the expression of the target gene, and the synthesized sequences were engineered with the cut sites of HindIII restriction enzymes at the 5Ј and 3Ј ends, respectively, to facilitate cloning. The synthesized gene was cloned into the plasmid pcDNA3.1 (Invitrogen, Inc., Carlsbad, CA) and subsequently verified by DNA sequencing to create recombinant plasmid pTat. The KSHV ORF50 (also known as Rta) luciferase reporter construct (p50-Luc), containing the Ϫ661 to Ϫ7 promoter fragment of the ORF50 promoter region inserted upstream of the luciferase gene in the pGL3 basic vector (Promega, Madison, WI), was generated as described previously (35) . The plasmid pTZIII-CAT expressing the chloramphenicol acetyltransferase (CAT) enzyme under the control of the HIV-1 long terminal repeat (LTR) was the kind gift of M. Rusnati (University of Brescia, Brescia, Italy) (51). The human IL-4 luciferase reporter construct (pIL-4-Luc) was generously provided by M. Li-Weber (German Cancer Research Center, Heidelberg, Germany). In this construct, 280 bp of the presumed promoter region (Ϫ269 to ϩ11) of IL-4 was inserted in front of the luciferase gene of the pTATALuc vector (34) . The promoter regions of huIL-6 (Ϫ1235 to Ϫ1) (54) and huIL-6 receptor alpha (Ϫ1341 to ϩ 3) were amplified using PCR, DNAs of HSB2 cells as templates, and specific primers with MulI and HindIII restriction enzyme cut sites engineered on the ends to facilitate directional cloning, respectively. The PCR products were cloned into the pGL3 basic vector in the sense orientation (designated as pIL-6-Luc and pIL-6Ra-Luc, respectively). The dominant negative STAT6 construct (pST6-DN), containing amino acid 1 to 661 of STAT6, was kindly provided by K. Zhang (UCLA School of Medicine, Los Angeles, CA) (65 Western blot analysis. After transfection, cells were harvested and lysed in radioimmunoprecipitation assay buffer containing a phosphatase inhibitor cocktail and protease inhibitors. The protein concentration was determined using a Bradford assay (Bio-Rad Laboratories, Hercules, CA). Sixty to eighty micrograms of protein was loaded onto a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel, transferred to an Immobilon P (polyvinylidene difluoride) membrane, and blocked with 5% powdered milk in TBST (50 mM Tris, pH 7.5, 150 mM NaCl, 0.01% Tween 20). The membrane was then incubated with primary antibodies diluted in 2.5% powdered milk in TBST, washed extensively, and incubated with horseradish peroxidase-conjugated species-specific secondary antibodies. Proteins were visualized with enhanced chemiluminescence reagents (Amersham Biosciences, Piscataway, NJ) according to the manufacturer's instructions. Even loading of proteins was confirmed by Ponceau S staining and detection of the housekeeping protein ␤-actin on each blot. Differences in protein expression were determined by densitometry analysis using Scion Image software (Scion Corporation, Frederick, MD). Western blot experiments were repeated at least three times to confirm results.
CAT assay. BCBL-1 cells (3 ϫ 10 6 ) were seeded in six-well dishes and then cotransfected with 2 g of pTZIII-CAT and 2 g of pTat. After cotransfection, cells were cultured for 6, 12, 24, 48, 72, 96 , and 120 h. At the end of culture, cells were washed three times with the precooled phosphate-buffered saline (PBS; 2 to 8°C) buffer and extracted, and the amount of CAT protein present in the cell extracts was determined using the CAT enzyme-linked immunosorbent assay (ELISA) kit (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. Each sample was assayed in duplicate, and the assay was repeated a minimum of three times.
RNA isolation and real-time quantitative PCR. Total RNA was isolated from cells by using TRIzol reagent (Invitrogen). cDNA was synthesized from the isolated RNA using Taqman Gold reverse transcription reagents (Applied Biosystems, Foster City, CA). Reverse transcription was performed by using oligo(dT) primers at 25°C for 10 min, 48°C for 30 min, and 95°C for 5 min. Quantitative PCR was performed in a GeneAmp 7300 sequence detection machine (Applied Biosystems). The Taqman PCR core reagents kit and primers/ probes for ␤-actin (Applied Biosystems) were used. The sequences of KSHVspecific primers and probes were as follows: ORF50 5Ј primer, GCG CAA GAT GAC AAG GGT AAG, ORF50 3Ј primer, CGA GAG GCC GAC GAA GC, and 6-carboxyfluorescein (FAM)-labeled probe, TTC CAC ACA GGA CCG CCG AAG CT (45); ORF26 5Ј primer, AGC CGA AAG GAT TCC ACC AT, ORF26 3Ј primer, GCT GCG GCA CGA CCA T, and FAM-labeled probe, TGC TCG AAT CCA ACG GAT TTG ACC TC (35); ORF29 5Ј primer, CCC GGA GGA CGG TCC A, ORF29 3Ј primer, TGT CCC CGA ATG CTG TTC TTA, and FAM-labeled probe, CTC GCT GAT GTG CGC AAC ATG CT (45) . The PCR mixture contained AmpErase uracil N-glycosylase to destroy any previously amplified product as described elsewhere (36) . Efficiencies of the ␤-actin and target gene amplification were shown to be approximately equal using a validation experiment as described by the sequence detection system manufacturer.
Northern blot analysis. Twelve micrograms of total RNA was fractionated on a 1% agarose formaldehyde gel and transferred to a nylon membrane (Zetabind; Cuno Inc., Meriden, CT). Even loading of RNA and efficiency of transfer were confirmed by staining of the 18S and 28S bands on the membrane with methylene blue. Membranes were prehybridized with Church's hybridization buffer and probed with [ 32 P]dCTP-labeled probes. Probes were generated by using gelpurified PCR products and a random prime label kit (Roche Applied Science). The membranes were washed with sodium phosphate buffers containing sodium dodecyl sulfate, EDTA, and bovine serum albumin and exposed to Kodak film.
Immunoperoxidase staining. Cytospin preparations of cultured cells were fixed for 10 min in 50:50 acetone-methanol and air dried. The cells were immunostained to detect two antigens using a highly sensitive avidin-biotin immunoperoxidase technique (Vectastain kit; Vector Laboratories, Burlingame, CA) as previously described (43) . The chromogen 3-amino-4-ethylcarbazole was used, producing a positive red reaction. The panel of MAbs used included KSHV ORF K8.1 A/B and KSHV ORF59. Both K8.1 and ORF59 MAbs recognize KSHV lytic cycle proteins and have been previously described (10, 11) . To calculate the percentage of positive cells, photographs of at least 10 unique fields were taken of every slide, and the number of positive and negative cells was counted separately by three individuals, including one who was blinded to the results. Immunostaining was performed on samples from three separate experiments.
Luciferase assay. Typical transfections of cells involved the introduction of 0.4 g of plasmid effector (pTat or pcDNA) and reporter DNA (p50-Luc, pIL-4-Luc, pIL-6-Luc, or pIL-6Ra-Luc). Cells were treated with 20 ng/ml tetradecanoyl phorbol acetate (TPA) until 24 h posttransfection and then harvested at 48 h posttransfection. Luciferase activity was assayed by using the Promega Bright-N-Glo system. Briefly, cells were collected and resuspended in 150 ml of phosphate-buffered saline. Bright-N-Glo luciferase reagent (150 ml) was added with thorough mixing following the manufacturer's instructions. The sample was incubated for 2 min at room temperature, and the luciferase activity was measured using a Sirius luminometer (Berthold Detection Systems, Pforzheim, Germany).
The number of cells present in each sample was also counted to normalize the luciferase activity with the total number of cells (35) . All data points were the averages of at least four independent transfections. RT-PCR. cDNA was synthesized from isolated RNA using the SuperScript preamplification system for the first-strand cDNA synthesis (Invitrogen) following the manufacturer's instructions. To ensure no DNA contamination of the RNA, which could lead to false positive results, the RNA samples were treated with DNase I (Invitrogen) before reverse transcription. As an additional control, each sample was also subjected to reverse transcription in the absence of reverse transcriptase (RT). Single-stranded cDNA was then amplified using standard PCR techniques as previously described (36) . Primers used for analysis in this study are listed in Table 1 .
SuperArray analysis. SuperArray analysis of gene expression was performed according to the manufacturer's directions (GEArray Q series kit, nonradioactive; SuperArray Inc., Bethesda, MD). The total RNA was isolated from cells using the TRIzol reagent. Once isolated, 2.5 g of mRNA was used as F: 5Ј-CCC CAT GTG ATT TAC TGT CG-3Ј NM_000600 501 56 27 R: 5Ј-CAA TCT GAG GTG CCC ATG CTA-3Ј IL-6Ra F: 5Ј-GCC GCC AGC GGA ACT G-3Ј NM_000565 341 60 28 R: 5Ј-TCA TAA GGG CTC CGT GGG TC-3Ј ␤-Actin F: 5Ј-TGA CGG GGT CAC CCA CAC TGT GCC CAT CTA-3Ј BC016045 661 56 19 R: 5Ј-CTA GAA GCA TTT GCG GTG GAC GAT GGA GGG-3Ј a The oligonucleotides were selected from the sequences with the indicated accession number. The size of each amplified product, its annealing temperature, and numbers of PCR cycles are indicated. F, forward; R, reverse.
the template for biotin-labeled cDNA probe synthesis. The labeled probes were then hybridized to the GEArray Q series membrane. Two types of gene arrays were used in this report: they were the inflammatory cytokines and receptors pathways and JAK/STAT signaling pathway gene arrays (SuperArray Inc.), each of which contained 96 genes related to relevant signaling. After an overnight incubation in a 60°C incubator, the membranes were washed several times in hybridization tubes. Subsequently, membranes were blocked and subjected to chemiluminescent detection (alkaline phosphataseconjugated streptavidin; 1:10,000 dilution) with the chemiluminescent substrate for alkaline phosphatase, phenylphosphate-substituted 1,2 dioxetane (CDP-star). The membranes were exposed to X-ray film, the developed X-ray film was scanned to create a raw image file, and this file was analyzed using an image analysis software program (Scanalyze by Michael Eisen). Each GEArray Q series membrane was spotted with negative controls (pUC18 DNA and blanks) and housekeeping genes, such as ␤-actin, glyceraldehyde-3-phosphate dehydrogenase, cyclophilin A, and ribosomal protein L13a. All raw signal intensities should be corrected for background by subtracting the minimum value to avoid the appearance of negative numbers. All signal intensities should also be normalized to that of a housekeeping gene. The corrected, normalized signals can then be used to estimate the relative abundance of a particular transcript. The results were expressed as the ratio of the normalized spot intensity in the Tat-treated group versus pcDNA vectortreated group. Changes in gene expression were calculated, and two separate experiments were conducted. All changes are reported in Tables 2 and 3 , below, and only twofold changes were considered significant.
ELISA. Production of huIL-6 and huIL-6Ra was measured in pcDNA-and pTat-transfected BCBL-1 cells in a time course by using ELISA kits (DIACONE Research, Fleming, Besancon, France). Undiluted tissue culture supernatants were used as recommended by the supplier. Each sample was assayed in duplicate, and a minimum of three assays was performed.
RESULTS

Overexpression of Tat in PEL cell lines induces KSHV lytic cycle replication.
To evaluate whether the Tat protein can affect lytic cycle replication of KSHV, we first examined the activity of the Tat protein expressed in BCBL-1 cells. Western blot analysis showed that Tat protein was readily detected in BCBL-1 cells that were transiently transfected with pTat at 48 h (Fig. 1A) . When BCBL-1 cells were cotransfected with pTat and pTZIII-CAT, in which the HIV LTR controls the expression of CAT (Tat protein binds specifically to a stem loop structure at the 5Ј end of the viral RNA known as TAR [Tat activation region], resulting in a 10-to 100-fold increase in HIV-1 mRNA production [56] ), CAT activity increased up to sixfold. Analysis of data from three independent experiments demonstrated that, on average, CAT expression increased 2.0-fold Ϯ 0.22-fold (mean Ϯ standard deviation) at 6 h, 4.1-fold Ϯ 0.43-fold at 12 h, 6.2-fold Ϯ 0.59-fold at 24 h, 3.1-fold Ϯ 0.35-fold at 48 h, 2.2-fold Ϯ 0.25-fold at 72 h, 2.0-fold Ϯ 0.21-fold at 96 h, and 1.6-fold Ϯ 0.19-fold at 120 h in BCBL-1 cells cotransfected with pTZIII-CAT compared to pcDNA vector at the same time point (Fig. 2B) . These results indicate that Tat protein can be expressed and is functionally active in BCBL-1 cells.
To determine whether Tat can activate KSHV replication, BCBL-1 cells were transfected with pTat or pcDNA. The mRNAs of KSHV ORF50 (the molecular switch gene of KSHV from latency to lytic replication) (60), ORF26 (viral minor capsid protein, expressed only during lytic KSHV replication) (52) , and ORF29 (viral packaging protein) (52) were analyzed by real-time quantitative PCR. We found that, at up to 72 h, ORF50, ORF26, or ORF29 mRNA did not significantly increase in Tat-transfected BCBL-1 cells. However, a remarkable increase in the peak of ORF50, ORF26, and ORF29 mRNA in Tat-transfected BCBL-1 cells was observed at 96 h ( Fig (Fig. 2C) . A statistical analysis of the levels of mRNA in Tat-transfected cells at the time points also showed that ORF50 expression in Tat After transfection of BCBL-1 cells with pTat, the expression of ORF26 mRNA was increased at both 96 and 120 h (Fig. 2D) .
To examine whether Tat-induced KSHV lytic replication is cell type specific, another KSHV latently infected cell line, BC-3, was used. After Tat transfection, BC-3 cells showed a similar ORF50 mRNA expression pattern to that of BCBL-1 (Fig.  2E ). These data suggest that Tat may activate KSHV lyticphase RNA; this lytic cycle replication is not restricted in BCBL-1 cells, and may be a common mechanism that reactivates KSHV in KS.
To examine whether induction of KSHV lytic cycle RNA by Tat also resulted in induction of lytic cycle proteins, immunostaining of BCBL-1 cells was performed to detect two KSHV lytic cycle proteins (K8.1 and ORF59). (Fig. 2F , first, third, and fourth panels of the top row). Similarly, 9.8 Ϯ 0.8% of BCBL-1 cells (BCBL-1 plus pTat) expressed ORF59 compared to 3.6 Ϯ 0.4% of BCBL-1 cells transfected with pcDNA (BCBL-1 plus pcDNA) and 1.2 Ϯ 0.2% of untreated BCBL-1 cells (P Ͻ 0.05) (Fig. 2F , first, third, and fourth panels of the bottom row). This was consistent with the previous report that the expression of ORF59 occurs earlier and more frequently in the lytic cycle, compared to the expression of ORF K8.1 (66) . As positive controls, it was found that 36.3 Ϯ 2.3% and 45.1 Ϯ 2.6% of BCBL-1 cells expressed ORF K8.1 and ORF59, respectively, after treatment with TPA (Fig. 2F, second panel) . These results indicate that the induction of KSHV lytic cycle RNA by Tat also results in the induction of lytic cycle proteins.
Tat does not induce KSHV ORF50 promoter activity in PEL cell lines. To explore whether Tat induces KSHV lytic cycle replication by direct binding to the ORF50 promoter, we examined the effect of Tat on ORF50 promoter activity in several cell lines. KSHV ORF50 encodes a replication and transcription activator homologous to the EBV Rta, which has been shown to be both necessary and sufficient to activate the KSHV lytic cycle from latency (37, 60) . In this assay a 655-bp fragment 5Ј to the ORF50 transcriptional start site was used to drive luciferase reporter gene expression (p50-Luc construct). We (35) and Seaman (55) have previously shown that this construct has promoter activity in BCBL-1 cells. Cells cotransfected with p50-Luc and pcDNA showed low baseline levels of luciferase expression (used as a negative control), which was dramatically enhanced (2.19-, 3.98-, 4.02-, 1.98-, and 3.04-fold increases in BCBL-1, BC-3, B95-8, HEK293, and NIH 3T3 cells, respectively) by stimulation with TPA (used as a positive control) (Fig. 3) . In contrast, cotransfection of the first four cell types with pTat and p50-Luc did not result in a significant increase in luciferase expression compared to the corresponding control (Fig. 3) . This was consistent with the previous report indicating that Tat alone failed to activate the ORF50 promoter (62) . Surprisingly, a 2.13-fold increase in luciferase expression was found in NIH 3T3 cells cotransfected with pTat and p50-Luc (Fig. 3) , suggesting that induction of ORF50 promoter activity by Tat may be cell type specific. These observations collectively demonstrate that Tat protein is sufficient to induce KSHV lytic cycle replication through an indirect mechanism rather than directly activating ORF50 expression in BCBL-1 cells.
Inhibition of HuIL-6 and HuIL-6Ra expression increases Tat-induced KSHV replication. The current facts are that (i) Tat did activate KSHV replication and Tat did not directly activate ORF50 (Fig. 2 and 3) (24, 28, 42, 62) ; (ii) the induction of KSHV lytic RNA (ORF50, ORF26, and ORF29 mRNA) was delayed (from 3 to 24 h) (Fig. 2) ; (iii) inflammatory cytokines and receptors induced by HIV-1 play important roles in AIDS-KS pathogenesis by promoting KSHV replication and inducing KS cell malignancy (22, 43, 46) . Together, these facts led us to hypothesize that intracellular Tat may first initiate cellular signaling from BCBL-1 cells during the early KSHV replication and subsequently affect viral replication. To test this hypothesis, we first detected gene expressing profile changes affected by Tat expression by using a microarray technique. The Q Series inflammatory cytokines and receptors gene array was used to screen the potential cytokine(s) and receptor(s) involved in this process. As shown in Table 2 , mRNAs of many inflammatory cytokine and receptor genes in Tat-transfected BCBL-1 cells were altered to some degree at different time points. Notably, mRNAs of huIL-6 and huIL6Ra in Tat-transfected BCBL-1 cells consistently increased from 3 to 24 h compared with the corresponding controls ( Table 2) . RT-PCR, ELISA, and a luciferase reporter assay were then performed to further confirm and extend these results. As expected, both IL-6 and IL-Ra mRNAs increased significantly in Tat-transfected BCBL-1 cells from 3 to 24 h (Fig. 4A) , which was consistent with the microarray data (Table 2). The ELISA showed that both huIL-6 and huIL-6Ra produced by Tat-induced BCBL-1 cells could be secreted into the culture after 120 h of transfection (1.92-and 1.73-fold increases of huIL-6 and huIL-6Ra, respectively, compared to that of pcDNA-transfected BCBL-1 cells; P Ͻ 0.05) (Fig. 4B (54) . To test whether Tat may directly activate IL-6 and/or IL-6Ra promoters, we performed a luciferase assay. We observed that BCBL-1 cells cotransfected with either pIL-6-Luc and pcDNA or pIL-6Ra-Luc and pcDNA showed baseline levels of luciferase expression with both the absence and presence of TPA (used as a control) (Fig. 4D) . Cotransfection of BCBL-1 cells with pIL-6-Luc and pTat resulted in a statistically significant increase in luciferase expression in both the absence and presence of TPA (1.9-and 2.3-fold increases compared to the corresponding control; P Ͻ 0.05) (Fig. 4D) . However, cotransfection of BCBL-1 cells with pIL-6Ra-Luc and pTat did not lead to any significant increase in luciferase expression in either the absence or presence of TPA compared with the corresponding control (Fig. 4D) . These data suggest that in BCBL-1 cells Tat alone is sufficient to induce soluble huIL-6, but not huIL-6Ra.
To test the hypothesis that overexpression of huIL-6 and/or huIL-6Ra may modulate Tat-induced KSHV replication, blocking assays of PAbs against huIL-6 and huIL-6Ra were performed. As shown in Fig. 4E , after addition of control IgG to Tat-transfected BCBL-1 cells, ORF50 mRNA was increased 1.98-fold at 72 h, 2.81-fold at 96 h, and 1.78-fold at 120 h, compared to pcDNA-transfected BCBL-1 cells treated with the control IgG, which was almost consistent with the results shown in Fig. 2A , indicating that the control IgG alone has no effect on KSHV replication by Tat. Importantly, after addition of anti-IL-6 PAb to the culture of Tat-transfected BCBL-1 cells, ORF50 mRNA further increased 1.65-fold at 72 h (P Ͻ 0.05), 1.43-fold at 96 h, and 1.86-fold at 120 h (P Ͻ 0.05), compared to Tat-transfected BCBL-1 cells treated with the control IgG (Fig. 4E) . Similarly, ORF50 mRNA also increased 1.73-fold at 72 h (P Ͻ 0.05), 1.56-fold at 96 h, and 1.51-fold at 120 h after addition of anti-IL-6Ra PAb to the culture of Tat-transfected BCBL-1 cells (Fig. 4E) . Interestingly, a synergism between anti-IL-6 PAb and anti-IL-6Ra PAb was observed to affect ORF50 mRNA expression when anti-IL-6 PAb and anti-IL-6Ra PAb were added in combination to the culture at 96 h (2.43-and 2.23-fold increases compared to anti-IL-6 PAb and anti-IL-6Ra PAb groups, respectively; P Ͻ 0.05) (Fig.  4E) . These data suggest that huIL-6 and its receptor when induced by Tat protein may, at least in part, modulate the effect of Tat-induced KSHV lytic replication. time quantitative PCR analysis demonstrated ethanol (AG490 was dissolved in the ethanol, which was used as a negative control) alone did not influence Tat-induced KSHV replication; AG490 alone also did not affect KSHV replication in pcDNA-transfected BCBL-1 cells. Interestingly, ORF50 mRNA in Tat-transfected BCBL-1 cells treated with AG490 was increased 1.59-fold at 48 h, 2.43-fold at 72 h, and 0.51-fold at 96 h, compared to Tat-transfected BCBL-1 cells treated with ethanol alone (Fig. 5A) . These data indicate that activation of the JAK2 pathway may be, at least in part, involved in downregulation of Tat-induced KSHV replication. The transcription factor STATs, mainly STAT1 and -3, can be activated by JAK2. To determine whether and which STAT protein is involved in Tat-induced KSHV replication, Western blot analysis on STAT1 and -3 was performed. As shown in Fig. 5B , phosphorylated STAT3 in Tat-transfected BCBL-1 cells was increased 1.56-fold at 3 h, 2.97-fold at 6 h, 1.83-fold at 12 h, and 0.81-fold at 24 h, compared to pcDNA-transfected BCBL-1 cells. We also observed a slight increase of phosphorylated STAT1 in Tat-transfected BCBL-1 cells (Fig. 5B) . To examine whether STAT3 plays an important role in KSHV replication by Tat, we inhibited STAT3 by overexpression a dominant negative STAT3. Real-time quantitative PCR indicated that ORF50 mRNA in BCBL-1 cells cotransfected with pTat and pMSCV vector (the pST3-DN construct was cloned in pMSCV vector) was increased 1.72-fold at 72 h, 2.69-fold at 96 h, and 1.43-fold at 120 h, compared to BCBL-1 cells cotransfected with pcDNA and pMSCV (Fig. 5C) . Meanwhile, transfection of pST3-DN did not influence KSHV replication in pcDNA-transfected BCBL-1 cells compared to cotransfected BCBL-1 cells with pcDNA and pMSCV (Fig. 5C) . Interestingly, ORF50 mRNA in BCBL-1 cells cotransfected with pTat and pST3-DN increased 2.05-fold at 72 h, 1.81-fold at 96 h, and 1.26-fold at 120 h compared to BCBL-1 cells cotransfected with pTat and pMSCV (Fig. 5C ). To further confirm that overexpression of dominant negative STAT3 can reduce phosphorylation of STAT3 induced by Tat, Western blot analysis were performed. Although phosphorylated STAT3 in Tat-transfected BCBL-1 cells was increased 2.97-fold at 6 h compared to pcDNAtransfected BCBL-1 cells (Fig. 5B) , as shown in Fig. 5D , phosphorylated STAT3 in BCBL-1 cells cotransfected with pTat and pST3-DN was significantly reduced at 6 h and almost reached the same level as that of BCBL-1 cells cotransfected with pcDNA and pMSCV. The experiments also showed that at other various time points expression of phosphorylated STAT3 in BCBL-1 cells cotransfected with pTat and pST3-DN lowered and almost reached the same level as that of BCBL-1 cells cotransfected with pcDNA and pMSCV (data not shown). Together, these data suggest that activation of IL-6-mediated JAK2/STAT3 signaling partially modulates Tat-induced KSHV replication.
Activation of STAT6 by IL-4 may partially contribute to Tat-induced KSHV replication. To address whether other JAK and STATs and their signaling were involved in KSHV replication by Tat, the JAK/STAT signal pathway gene array was performed. As shown in Table 3 , again we noticed IL-4 and IL-4R mRNAs persistently increased, which was almost consistent with the results shown in Table 2 . Meanwhile, both GATA3 and c-Maf, which are upstream genes for IL-4 expression (26, 64), were increased 23.14-and 2-fold at 3 h in Tattransfected BCBL-1 cells, respectively (Table 3 ). The data of the RT-PCR analysis further confirmed the microarray results (Fig. 6A) . To examine whether Tat can directly induce IL-4 expression, a luciferase reporter assay were performed. We found that cotransfection of BCBL-1 cells with pTat and pIL-4-Luc in the presence of TPA resulted in a significant increase in luciferase expression (5.48-fold increase compared to the corresponding control; P Ͻ 0.05) (Fig. 6B) . Because a baseline level of IL-4 and/or STAT6 in BCBL-1 cells may induce IL-4 promoter activity, which would complicate the interpretation of the results, we chose NIH 3T3 cells, whose genes for GATA3 and IL-4 are shut off (15) , to perform the luciferase assay. It was shown that cotransfection of NIH 3T3 cells with pTat and pIL-4-Luc following treatment with TPA also led to a significant increase in luciferase expression (2.91-fold increase compared to the corresponding control; P Ͻ 0.05) (Fig. 6B) .
IL-4 activates STAT6 in T cells and plays multiple roles in regulation of the immune system (27) . To determine whether persistent expression of IL-4 can also activate STAT6 in BCBL-1 cells, Western blot analysis was performed. We found that phosphorylated STAT6 in Tat-transfected BCBL-1 cells slightly increased (1.83-fold at 12 h and 2.12-fold at 24 h) ( (Fig.  6D) . Meanwhile, transfection of pST6-DN did not influence KSHV replication in pcDNA-transfected BCBL-1 cells compared to cotransfected BCBL-1 cells with pcDNA and pRed vector BCBL-1 cells (Fig. 6D) . To further confirm that overexpression of dominant negative STAT6 can reduce phosphorylation of STAT6 induced by Tat, Western blot analysis was performed. It was demonstrated that phosphorylated STAT6 in BCBL-1 cells cotransfected with pTat and pST6-DN was reduced and almost reached the same level as that of BCBL-1 cells cotransfected with pcDNA and pRed for 3 to 24 h (data not shown). Together, these observations suggest that Tat protein may stimulate GATA3 protein in BCBL-1 cells and then activated GATA3 further induces IL-4 expression, resulting in activation of STAT6; activated STAT6 partially contributes to Tat-induced KSHV replication.
DISCUSSION
During the course of HIV-1 infection, normal host cells are consistently exposed to free HIV-1 viral particles and circulating HIV-1-associated proteins. While not directly infected with HIV, exposure of these normal cells to HIV-1-associated proteins can have a profound effect on their gene expression and normal function. Aside from the glycoprotein 120 (gp120), soluble HIV-1 Tat is secreted from infected cells and can bind to both ␣ v ␤ 3 and ␣ 5 ␤ 1 integrins on the surface of target cells (6, 18) . This binding occurs through the highly conserved AspGly-Arg (RGD) sequence, which is found in the carboxyl terminus of Tat and may function to induce intracellular signals that ultimately lead to changes in cellular gene expression. In addition, extracellular Tat nonspecifically binds to cells membranes and is internalized (19, 56) . Like intracellular Tat, this internalized Tat may directly interact with cellular genes to alter gene expression. In this study, we investigated the kinetic of KSHV replication by intracellular Tat and explored the possible mechanisms by which Tat activates KSHV cycle replication. Our results reveal several novel points in understanding AIDS-KS disease progression. First, our results provide direct experimental evidence that intracellular Tat does activate KSHV lytic cycle replication from latency. Since Ensoli and colleagues previously demonstrated extracellular Tat could promote the growth and proliferation of KS tumor cells (6, 19) , the role of Tat as a cofactor in enhancing KSHV replication in PEL cell lines is always a highly controversial and arguable subject (24, 28, 42, 62) . For instance, studies from three groups consistently demonstrated that both intracellular and extracellular Tat could strongly activate KSHV well (24, 28, 42) . On the contrary, one group showed an absolutely contradictory observation that either intracellular or extracellular Tat alone failed to induce KSHV replication (62) . In this study, we modified the protocol for cell culture by first synchronizing BCBL-1 cells at G 0 by 24 h of incubation in serum-free medium and then incubating BCBL-1 cells in normal serum medium for an additional 16 h to get to the S phase of the cell cycle. Tat transfection of BCBL-1 cells at S phase led to a maximum inducibility of KSHV replication.
We definitely demonstrated that transfection of PEL cell lines with Tat is able to induce KSHV lytic replication, suggesting that Tat may promote KS progression by reactivating KSHV lytic replication and increasing viral load.
Second, we have provided experimental evidence suggesting that huIL-6 and its receptor produced by Tat-transfected BCBL-1 cells play an important role in modulating KSHV activation. Previous studies have shown that Tat can activate the huIL-6 promoter in MC3 B-lymphoblastoid and HeLa epithelial cells (54) . Subsequent studies further indicated that Tat induces the expression of the IL-6 gene by binding to the IL-6 leader RNA and by interacting with CAAT enhancerbinding protein ␤ (NF-IL-6) transcription factors(3). In our study, although we did not find that Tat acted directly on the promoters of huIL-6Ra in BCBL-1 cells, we have provided direct evidence that the Tat protein not only activates huIL-6 and its promoter activity, but also induces IL-6Ra expression, reaching nanogram levels in BCBL-1 cells. With respect to huIL-6 and KSHV activation, this was also an arguable subject. A previous study implied that huIL-6 could induce KSHV lytic replication in both marrow cultures and BCBL-1 cells (1, 57) . However, recent reports demonstrated that huIL-6 failed to activate KSHV in BCBL-1 cells (12, 43) . On the contrary, it significantly inhibited KSHV replication in experimentally infected human microvascular endothelial cells, the precursor of KS (45) . Here we have provided direct experimental evidence that both huIL-6 and its receptor may mediate modulation of KSHV lytic replication in Tat-transfected BCBL-1 cells. Indeed, we also demonstrated that a synergism between anti-IL-6 PAb and anti-IL-6Ra PAb appeared to affect ORF50 mRNA expression when anti-IL-6 PAb and anti-IL-6Ra PAb were added in combination to the culture at 96 h in a neutralization antibody blocking assay. One possible interpretation of this observation is that there was an optimal concentration of antigen-antibody binding between expressed huIL-6, its receptor, and anti-IL-6 PAb and anti-IL-6Ra PAb in the culture system at 96 h. This optimal concentration of antigen-antibody binding can effectively neutralize huIL-6 and its receptor, leading to a maximal inducibility of KSHV replication. On the other hand, the maximal inducibility of KSHV replication at 96 h may also activate the other signals that further facilitate KSHV replication. At this time point, blocking of huIL-6 and its receptor will enhance activation of these signals which, in turn, promote KSHV to be further reactivated, leading to detectable ORF50 mRNA increase. However, whether other cytokines, growth factors, or their soluble receptors produced by or in response to Tat-transfected PEL cell lines may also be involved in this process is still unknown. Third, we showed that inhibition of JAK2/STAT3 signaling significantly enhances Tat-induced KSHV replication. Commonly, activation of JAK2/STAT3 signaling by IL-6 functions to stimulate cell proliferation, mediate survival signals, and prevent apoptosis. In support of this idea, STAT3 activity has been shown to be modulated by many viral proteins, such as EBV, human T-cell lymphotropic virus 1, and herpesvirus Saimiri, to increase the persistence and oncogenic potential of viruses (14, 38, 44) . In this study, we found that inhibition of JAK2 and STAT3 activities was able to enhance Tat-induced KSHV activation. The possible mechanism of this observation is that after introduction with Tat, expressed huIL-6 and its receptor subsequently activate JAK2/STAT3 signaling. On one hand, activated STAT3 signaling directly contributes to malignant progression of BCBL-1 cells by preventing apoptosis, acting through the prosurvival protein survivin (4) . On the other hand, phosphorylation of STAT3 interacts with latencyassociated nuclear antigen of KSHV, which is critical to the persistence of viral episomes and functions in this capacity by tethering viral episomes to chromosomes during mitosis (47) , leading to undetectable ORF50 mRNA. Besides JAK/STAT signaling, huIL-6 also involves activation of mitogen-activated protein kinase and phosphatidylinositol-3-kinase/AKT pathways. More recent studies have indicated that Raf/MEK/ERK signaling modulates TPA-induced reactivation of KSHV latency (20, 25) ; therefore, our results did not eliminate the possibility that another pathway(s) by huIL-6 may also be involved in this process.
Finally, we demonstrated that activation of IL-4/STAT6 signaling partially contributes to Tat-induced KSHV replication. Usually, IL-4/STAT6 signaling is involved in activation, differentiation, and proliferation of Th2 and B cells. Early studies showed that the Tat protein not only up-regulated IL-4R on Raji cells (a human B-lymphoblastoid cell line) but also doubled the germinal center B-cell differentiation and proliferation induced by CD40 MAb and IL-4, suggesting that Tat might directly affect the normal B-cell differentiation process in HIV-positive patients and favor the occurrence of AIDSassociated B-cell lymphomas (29, 33, 49) . A recent study further demonstrated that Tat protein also induced IL-4 release from basophils and mast cells (39) . Here we have provided experimental evidence to suggest that while up-regulating IL-4 and IL-4R Tat may induce a marginal activation of STAT6, which in turn contributes to Tat-induced KSHV replication in BCBL-1 cells. Activation of IL-4/STAT6 signal may lead to cell death and thereby effectively inhibit cell growth. However, we did not find changes in the cell number or viability in our experiment (C. Lu, unpublished data). We believe that huIL-6/STAT3 signaling may compensate the effect of IL-4/STAT6 by preventing apoptosis (4). Moreover, cellular and KSHVderived factors, such as activated NF-B, nerve growth factor, and viral bcl-2, might serve as a growth factor or antiapoptotic factor (31, 48, 53) .
In summary, we have experimentally shown the possible roles of IL-6/STAT3 and IL-4/STAT6 signaling in KSHV replication by Tat. Since Tat can induce multiple signaling pathways and has many functions in AIDS-KS pathogenesis, further studies are needed to better understand whether other cytokines and their signals by Tat are also involved in KSHV replication in AIDS-KS patients.
